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INTRODUCTION
The possibility of modelling the quenching process brings an advantage in predicting the phase transformations in steel and its related microstructure, hardness and grain size. Mechanical analysis allows the prediction of deformations occurring during the quenching. In this manner, it is also possible to find out the values of stress generated in the material during quenching. The above method enables us to predict, in advance, whether a given material is suitable for the proposed type of heat treatment, whether it meets the specified parameters and whether it will be economically viable to process the given material to its required properties and purpose. Thus, the simulation serves the purpose of choosing the suitable parameters of quenching; however, it may also address the treatment of the component in view of its desired properties after quenching and elimination of crack formation during the quenching.
Numerous previous studies have laid the foundation for simulation of the phase transformations in steels. Initially, those studies dealt with the two-dimensional simulation. In particular, the studies published by authors [1] [2] [3] focused on modelling the phase transformations in steels, namely the two-dimensional modelling of austenite-pearlite eutectoid steels. The aforementioned studies did not include the diffusionless transformation that is significant for quenching. Over time, studies on modelling extended to the threedimensional modelling and post-quenching deformation modelling. Recent studies of quenching modelling, such as those by teams of authors [4, 5, or extensive studies by [6] [7] [8] have already dealt with modelling the diffusionless transformations in steel. However, those are related to conventional carbon steels whose structure prior to quenching consists of homogeneous austenite and after quenching it contains diffusionless transformation products such as martensite, bainite and residual, i.e. untransformed austenite.
The above methodology focuses on the issue of modelling the quenching of hyper-eutectoid steels that are not formed of homogeneous austenite in the austenitising temperature domain. During the heat treatment process, their structure features complex globular carbides of iron and alloying elements. Those are dissolved during the austenitising, depending on austenitising temperature and austenitising temperature holding time, thus increasing the proportion of carbon in austenite. With increasing the carbon content in austenite the hardness achieved after quenching increases as well, [9, 10] . Although the software designed to model steels contains a database of such steels' material properties, in the actual modelling, however, they are based on the assumption that these steels, similar to conventional carbon steels, are formed of homogenous austenite prior to the immersion in the quenching medium.
This issue is the most pronounced in the form of a comparison between the modelled Vickers hardness and the actually achieved hardness.
HEAT TRANSFER MODELLING
Various processes occur during the quenching: heat transfer, phase transformations and mechanical inter-actions. The heat transfer is essentially a physical problem. The heat transfer in a component during the quenching can be described mathematically using an appropriate form of the Fourier heat conduction equation, considering the change of the temperature field in the form of the latent heat of phase transformations [8] :
where: ρ (kgm -3 ) is the density, c (J K -1 ) is the heat capacity, λ (Wm
is the conductivity of a mixture of phases in terms of temperature, and Q(J) is the internal heat source in the form of the latent heat that is a function of temperature and cooling intensity.
The heat conduction and the internal heat source in the latent heat form can be described by equation [5] :
where: T (°C) is the temperature, t (s) is the time, while
is the thermal conductivity and q ɺ is the latent heat allocation from the phase transformations.
The thermo-physical properties of steels are functions of two parameters -temperature and volume fraction of transformed phases. Those can be calculated using the following equation [5] :
where
is the thermal conductivity,
is the specific heat capacity and j i X is the volume fraction of the i-th phase at the j-th time.
During the cooling of steel the latent heat is generated, which is caused by phase transformations. This phenomenon is included in the modelling as follows [5] :
where i H ∆ (J) is the amount of heat released at the temperature T i (K) and i X ∆ is the amount of phase transformations that have taken place during the interval t ∆ (s). The component austenitising temperature T 0 (K) was considered as the initial state. It was assumed that this temperature is uniform throughout the component volume. In this case, the boundary condition is as follows [5, 11] :
where: n is the surface outer boundary, h (Wm
) is the convective heat transfer coefficient, T S (°C) is the surface temperature, and T A (°C) is the ambient tempe-rature.
MODELLING DIFFUSION AND DIFFUSIONLESS PHASE TRANSFORMATION
When modelling the phase transformations one starts from the basic assumption that the microstructure develops in different ways depending on the temperature, cooling rate and carbon content, [2, 12] . In order to predict the volume fraction of individual phases during the quenching -austenite, ferrite, pearlite and martensite -one can describe the diffusion and diffusionless transformation models according to Figure  1 that shows a schematic IRA diagram of eutectoid steel. The kinetics of a diffusion transformation from the assumed isothermal curve can be described by equation [2] :
where: F i is the volume fraction of the i-th phase during the phase transformation. Material properties A and B can be determined directly from the IRA diagram. The transformation time t j was transferred to the sum of the time period and the time was obtained from the volume fraction of each phase in the previous time step F j-1 of the simulation. It can be written as [2] :
However, the process of anisothermal transformation cannot be described using equations (6) and (7). Therefore, it is necessary to apply the Scheil's rule [8] on the cooling curve division into small time periods, as shown in Figure 1 A diffusionless transformation that is independent of time can be empirically described by a model derived from experiments, [14] .
This means that the amount of martensite can be fully expressed as a function of temperature as follows:
where F m is the volume fraction of martensite, and F i is the volume fraction of other phases, M s is the temperature of the martensitic transformation start; and T is the ambient temperature. Since the ferrite and pearlite are austenitic transformation products and are they not transformed into martensite, the equation includes the segment 1
The latent heat that is generated during the transformation increases the temperature in the material. This internal heat source is related to enthalpy change, and the three types of enthalpy forms are considered:
• transformation to ferrite, • transformation to pearlite, • transformation to martensite.
The component austenitising temperature is generally high above the boiling point of the quenching medium. During the quenching, the cooling process is characterized by three phases:
• steam cushion, • boiling and • convection, each being associated with a significant change in cooling. At the same time it is necessary to take into account the initial phase as well, when there is a contact of the cooled component with the liquid. The critical phases of the heat flux and heat transfer are illustrated in Figure 2 . 
HARDNESS MODELLING
Prediction of hardness in the modelled component volume uses the application of Maynier's model, [15, 16] 
where: X M , X B , X F and X P are the volume fractions of martensite, bainite, ferrite and pearlite, respectively.
EXPERIMENTAL MATERIAL
From the selected group of steels, whose microstructure contains complex carbides the bearing steel 100Cr6 with chemical composition shown in Table 1 , was chosen. In the given case, one is dealing with the bearing steel for bearing rings of a smaller wall thickness and bearing bodies up to 25 [mm] diameter. This steel is easily machinable in the soft annealed state. The initial microstructure, prior to quenching, should be formed of fine globular carbides uniformly distributed in the ferritic matrix (the so-called globular pearlite).
The standard bearing steel heat treatment is quenching and low-temperature tempering. The diagram of anisothermal austenite decay (Figure 3) clearly shows that pearlitic, bainitic and martensitic transformations may occur in this steel while cooling. In technological practice of bearing component quenching, one is trying to avoid the pearlitic and, to the maximum extent possible, the bainitic transformations, as well. The resulting microstructure contains lath martensite, a reasonable amount of residual austenite and carbidic phase.
SIMULATION AND INPUT PARAMETERS
The simulation was carried out for a selected set of bearing rings made of 100Cr6 steel, in order to predict the resulting microstructure and hardness after quenching. Figure 4 shows the bearing rings dimensions. The simulation was performed using the commercial software SYSWELD 2010, and the bearing ring model was created in VISUAL MESH 6.5. Due to the axial symmetry of bearing rings, it was sufficient to perform the above simulation for half of the bearing ring only, respectively for a 2-D section surface. However, since the entire research also focuses on simulating stress and deformations in bearing rings during the quenching, the model was created of the whole profile. The creation of a bearing ring model consisted of exporting the bearing ring wall section to VISUAL MESH software, creating a network of nodal points on this surface and creating a rotated 3-D mesh of these nodes. The distance between the individual layers was smaller on the model surface that was to be in contact with the cooling medium (0.1 [mm] ) and larger in the core (0 .5 [mm] ). The mesh itself was created using the Quad-Tria method. Those points formed the volume to be cooled down. That volume's envelope was defined for the heat transfer from the component to the medium ( Figure 5 ). The bearing ring simulation was carried out for three austenitising modes. Their length was always 20 minutes, but they differed in the austenitising temperature used. The first simulation was carried out for austenitising at 830°C, the second one for austenitising at 850°C and the third one for austenitising at 870°C. In addition to duration, the austenitising temperature is the second main parameter that determines the dissolution of the carbidic phase in austenite. With increasing the austenitising temperature, the share of carbon increases as well. That carbon is released from the carbidic phase into the austenite, until it reaches the maximum possible value.
Cooling was carried out in the mineral quenching oil DURIXOL W72 immediately after 20 minutes held at the austenitising temperature. The mineral oil temperature was 20°C. Figure 6 clearly shows how the bearing rings cooling took place after immersion in mineral quenching oil. Two seconds after the bearing rings were immersed in mineral oil the difference between their surface and the core temperatures was approximately 400°C. Before comparing the achieved and simulated microstructures, it must be emphasized that the simulation software does not take into account the carbidic phase in steels. The simulation assumes that the microstructure of the cooled component, prior to immersion in the cooling medium (i.e. prior to heat dissipation), is formed of homogenous austenite throughout its volume (Figure 7 ). After completion of cooling, according to the simulation, the bearing ring microstructure for the three austenitising modes consisted of 88% martensite and 12% residual austenite (Figures 8 and 9 ). The microstructures obtained after quenching essentially differ only in the size of the carbidic phase. The largest carbides were found in the structure austerities at the lowest temperature (830°C); on the other hand, the smallest carbides were found in the microstructure austerities at the highest temperature (870°C). The microstructure consisted of the lath martensite, residual austenite and carbidic phase.
DISCUSSION OF RESULTS
The results of bearing ring microstructure simulation after quenching represent a basis for simulating the most technologically important parameter -hardness. According to the simulation, the hardness after quenching throughout the cross section of bearing rings was virtually identical, i.e. 784 [HV], (Figure 10 ). To verify the simulation results of bearing ring hardness after quenching, the hardness measurements using the HV1 Vickers method, as shown in the scheme in Figure 11 , were carried out. Figure 12 shows the results of Vickers hardness measurement for all the three-austenitising modes. The graphic representation of the hardness measurement results for individual austenitising mode clearly shows that the simulation software approached the true values of hardness only in the case of austenitising at the lowest temperature of 830°C. That temperature is very rarely used in technical practice (Figure 12a) , although the hardness curve in the bearing ring cross section was not even captured here.
Deviations in the most frequently used austenitising temperature -850°C (Figure 12b ) -were already significant (approximately 120 [HV] ).
In the case of the highest used austenitising temperature -870°C (Figure 12c 
CONCLUSIONS
This paper analyzed the possibility of modelling the thermal-metallurgical parameters of steels forming the carbidic phase in the microstructure.
In this case, the subject of research were the hypereutectoid steels alloyed with chromium carbide formers. The complex carbides (Fe, Cr) 3 C were dissolved in austenite depending on the temperature and holding time at that temperature.
The presented results indicate the absence of carbidic phase in the simulation calculations. This implies relatively large deviations in the simulated hardness results compared with reality.
At the austenitising temperatures of 850°C and 870°C carbon gets into austenite at a significantly greater extent than at the temperature of 830°C, therefore the differences between the simulation and reality are not so small.
Those deviations must be considered in the case of simulating the microstructure and hardness of bearing steels using the SYSWELD software.
